correlation length is fractal, but fractal scaling behavior no longer holds for a scale larger 10 than the correlation length. 
where i = 1, 2 and 3 is the level of a fracture and α > 1 is a constant. 23
Calculation of water flow and solute transport 1
To calculate solute transport within a flow path, we need to calculate a steady-state 2 flow rate (and velocity) for each segment in the path. Closed-form relations among a flow 3 rate, the total water flow rate, and network properties can be obtained using relations 4 derived from two basic elements (shown in Figure 3 ) for a flow path. Defining the 5 conductance to be the conductivity divided by the corresponding length of a given 6 segment, we can express the total conductance (T ab ) from a to b and relations among flow 7 rates in Figure 4 With these basic relations for flow in parallel and in serials, the flow rate in each segment 15 can be derived. Note that water flow velocity is determined as the flow rate divided by 16 the corresponding aperture. In this study, we set the total flow rate to be 0.001 m 2 /day, 17 corresponding to a water flow velocity on the order of 1 m/day for the Level 1 fracture 18 (when flow rates at fractures of the other levels are ignored). 19 Once the flow field is determined, we calculate solute transport within a flow path to 1 determine breakthrough curves at locations B, C, D, and E (Figures 2 and 3) . The 2 calculations are based on recent theories to determine solute transport along a single flow 3 pathway with a wide range of retention processes (including matrix diffusion) and 4 spatially variable flow and transport properties (Cvetkovic et al., 2004; Painter and 5 Cvetkovic, 2005) . According to these theories, the impulse-response function in the time 6 domain for such a single pathway system, which also may be viewed as the probability 7 density distribution for a unit pulse input of conservative solute, is given as (Painter and 8
where H is the Heaviside function, and t is time. The residence time τ is defined by 11
where l is the distance between the inlet and the location where a breakthrough curve is 13 observed, and V is the water flow velocity along a flow pathway. The parameter B is 14 defined as 15
where φ , D and b are the matrix porosity, local matrix diffusion coefficient (molecular 17 diffusion coefficient multiplied by tortuosity factor), and local half aperture, respectively. 18
The cumulative distribution of the impulse response density (Equation (7)), which will be 19 used later, can be mathematically expressed as 20
There are many different pathways between the inlet and the monitoring point for a 2 given flow path (Figures 1 and 2) . Each pathway corresponds to a set of values for 3 parameters τ and B. To determine these parameter values using Equations (8) and (9), we 4 use a particle tracking scheme. We release M particles from the inlet of a flow path, and 5 track each particle from the inlet to the selected monitoring point. A particle moves with 6 a local velocity at the given segment of the network; at an intersection the probability of a 7 particle to move to a segment is determined as the ratio of flow rate for the segment to the 8 total flow rate towards the intersection. In this study, we use M = 5,000. (Our numerical 9 experiments showed that a larger M value gives essentially the same results as M = 10 5,000.) For solute transport with a constant concentration C 0 at the inlet, the breakthrough 11 curve at a monitoring point is given as an average over the particles of the superposition 12 integral of the impulse-response function (Equation (10)), or 13 
Determination of effective parameters 3
The effective parameters (including effective matrix diffusion coefficient) may be 4 determined by fitting the numerical experiment results (Equation (11) Figure 8 . 21
To check if the second mechanism (advective transport alone) is the dominant 22 mechanism for the observed scale dependence, we conducted a numerical experiment 23 using the flow path in Figure 2 and for α = 5. Specifically, we reduced the local matrix 1 diffusion coefficient by 100 times. If the advective process were indeed the dominant 2 mechanism, the effective matrix diffusion coefficient determined from the numerical 3 experiments would not change significantly with the change in the local matrix diffusion 4 coefficient. The determined effective matrix diffusion coefficients are also shown in 5 Figure 6 . Obviously, values for these coefficients are significantly smaller than those with 6 the higher local matrix diffusion coefficient ( Figure 6 ). Therefore, matrix diffusion within 7 fractures including small scale fractures, rather than the advective transport between 8 fractures at different levels alone, is the ultimate process for determining the effective 9 matrix diffusion coefficient and its scale dependence. However, advective transport to 10 (high-level) small fractures is needed to move solute to these fractures from Level 1 11 fracture for the matrix diffusion processes. Without this advection, matrix diffusion in 12 these small fractures would not be able to occur. 13
As previously indicated in Section 2.1, the scaling of the network geometry for a flow 14 path does not always exist especially when the size of a network is larger than the 15 correlation length. To investigate the solute transport process in a network without 16 scaling properties in geometry, we performed a numerical experiment using the flow path 17 in Figure 3 parameters (Section 2.2.3). As shown in Figure 9 , the effective matrix diffusion 22 coefficient is still scale-dependent for the given distance range from A to E. This seems 23 to demonstrate that the existence of local flow loops and the associated matrix diffusion 1 process can result in scale dependence for travel distances beyond the scale under which 2 the scaling properties in geometry exists. 3 However, this study cannot exclude that a constant D* can be reached for travel 4 distances much larger than that from A to E (Figure 3) , owing to the lack of scaling 5 properties in the flow path geometry at relatively large scales. The existence of the 6 constant D* at relatively large scales may be similar to the asymptotic behavior of 7 macroscopic dispersivity for a flow field characterized by a stationary random 8 permeability distribution (Gelhar, 1993) . While the focus of this study is on possible 9 mechanisms behind the observed scale dependence of the effective matrix diffusion 10 coefficient, we will leave the potential asymptotic behavior of D* at much larger scales to 11 future research. 12
Theabove discussions indicate that a combination of local flow loops, matrix diffusion 13 process associated with these loops, and scaling properties in flow-path geometry, seems 14 to be a major mechanism causing the scale dependence of the effective matrix diffusion with scaling properties in flow path geometry, seems to be the major mechanism (at a 5 range of scales) for the observed scale dependence of the effective matrix diffusion 6 coefficient, while other potentially important mechanisms may still exist and need to be 7 investigated in future studies. 5  6  7  8  9  10   11  12  13  14  15  16  17  18  19  20  21  22  23  24  25  26  27  28  29  30  31  32  33  34 
